RGE Behaviour of SUSY with a U{2)^ symmetry 
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O ,' Abstract 

. The first LHC results seem to disfavor any constrained MSSM realization, with universal 

conditions at the SUSY-breaking scale. A more motivated scenario is given by split-family 
SUSY, in which the first two generations of squarks are heavy, compatible with a C/(2)^ 
flavour symmetry. We consider this flavour symmetry to be broken at a very high scale 
\^ \ and study the consequences at low energies through its RGE evolution. Initial conditions 

I compatible with a split scenario are found, and the preservation of correlations from minimal 

■ [7(2)3 breaking are checked. The various chiral operators in /S.F = 2 processes are analyzed, 

Q . and we show that, due to LHC gluino bounds, the {LL){RR) operators can not always be 

\ neglected. Finally, we also study a possible extension of the U{2)^ model compatible with 

the lepton sector. 

^ ■ 1 Introduction 

In the past years, weak scale supersymmetry (SUSY) has possibly been the best motivated 
paradigm as an extension for the Standard Model (SM). 

The most popular realization of SUSY has been the Minimal Supersymmetric Standard Model 
(MSSM), usually studied through its constrained form, the CMSSM. Based on models of grav- 
ity mediated SUSY-breaking, the CMSSM has only a few additional parameters, defined at a 
unification scale, Mqut- The parameters of the model would then be evolved down to a SUSY- 
decoupling scale, MgusY, through the use of renormalization group equations (RGE). One of the 
main consequences of this approach is that the soft SUSY-breaking terms would acquire a flavour 
structure compatible with the Minimal Flavour Violation (MFV) ansatz [1]. 

The current lack of SUSY signals at the LHC have forced the theoretical community to start 
stepping way from this simple realization of SUSY, and consider more complex scenarios that could 
still preserve all of its virtues, but at the same time avoid the current experimental constraints. 
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One such scenario is that of hierarchical soft sfermion masses pHS] , where the first two generations 
are heavy enough to avoid the current bounds, but the third generation is hght enough to mitigate 
the naturalness problem, and still give us a chance to observe a signal in the near future. 

Given such a scenario, one can question if a MFV flavour structure is as well motivated as 
in the CMSSM. In fact, it is difficult for MFV to provide such a split layout, especially for very 
hierarchical masses. Thus, it is of interest to study frameworks similar to MFV, but that can 
accomodate soft masses that are not degenerate. This motivation if further encouraged by the 
existence of a small tension between CP-violation (CPV) observables in AF = 2 observables in 
the K and Bd sectors, which MFV is unable to solve. By stepping away from MFV, one would 
hope that the new framework would ameriolate this tension, and give us further insight on the 
flavour structure of the MSSM itself. 

Such a framework was found in [B], based on a f/(2)^ flavour symmetry applied on the quark 
sector, broken in a minimal way by spurion fields. The framework successfully solved the flavour 
tension, predicting rather light third generation and gluino masses, as well as a somewhat large 
CPV phase on the Bg sector. The phenomenological consequences in the quark sector were 
expanded in [7H9], and the neutrino and slepton sector were considered in [10]. A non- minimal 
realization of the framework was also studied in 

Nevertheless, all of these works considered the U{2)^ symmetry to be directly applied at the 
electroweak scale, while the typical expectation is for this symmetry to be broken at a very high 
scale. This leads to several questions to be pondered. First of all, it is unclear if the running 
of the MSSM parameters would preserve the virtues following from the assumption of a minimal 
breaking of the U{2)^ symmetry, analysed in the previous literature. Moreover, the type of initial 
conditions required to achieve the split scenario are not evident, especially after applying the LHC 
bounds on the gluino mass and trying to mitigate the naturalness problem as well as possible. 

In this work, we attempt to answer these questions. To this end, in Section |2] we analyze the 
RGE behaviour of the minimal U{3Y framework defined in [6]. We begin by analyzing a CMSSM- 
like parameter space in Section [2111 and defining two Benchmark points of interest. We follow the 
evolution of the mixing in Section 12. 2^ and evaluate how well the features of the symmetry are 
preserved in Section 12.31 Section 12.41 is devoted to understanding the importance of each effective 
operator in the AF = 2 analysis, at the scale where SUSY decouples. Finally, in Section |3l we 
consider a deviation from the f/(2)^ framework worked out in [10], which was found necessary in 
order to reproduce the neutrino sector. 

2 U{2f in the Quark Sector 

As mentioned in the introduction, in most works studying the U{2)^ framework [SHS], the flavour 
structures are taken directly at a low scale, of the order of the TeV. Here, on the contrary, we are 
interested in the possibility that both supersymmetry and the flavour symmetries are broken at a 
very high scale, that we take to be Mqut ~ 10^^ GeV. 

We follow a three step procedure. In the first step, we define what our initial conditions shall 
be at Mgut- The fermion Yukawa couplings are determined from their electroweak values [T^[T^ . 
running them to the unification scale. For the sfermions, we assume the soft masses to follow the 
structures outlined in the Appendix, in particular, Eqs. (!29l) - (!3T!) . We choose a common mass for 
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all the squarks in the first two generations, rriheavy, and a common mass for the third generation, 
miight- In general, we shall refer to the splitting p = {m\^^^y - mlgf^^) / ml^^^y instead of mught, 
such that p = is the totally degenerate case, while p = 1 corresponds to maximal splitting. The 
A-terms follow a flavour structure similar to that of the Yukawas, but the different O (l)s lead to 
a non-diagonal structure, shown in Eq. (!32l) . We assume the A-terms to be connected with the 
first two generations masses, so we take a universal Aq ~ mheavy 

Regarding the other soft parameters, we use a common value for the Higgs soft masses = 
tuh^ = fTiQi that can be different from both the light and heavy sfermion masses. We also consider 
a unified gaugino mass M1/2, and, for definiteness, we fix tan/3 = 10. Thus, in our scan, the 
variable parameters shall be: 

Ml/2, rnheavy, P, "^q, ^0, Xi, % , (1) 

where Xi and ji represent the O (1) parameters and phases shown in the Appendix. Notice that 
Aq shall actually be the product of rriheavy and an C (1) parameter. 

On the second step, we run all parameters down to a common decoupling scale Msusy ~ 1 TeV, 
following 2- loop MSSM RGEs [Hj. As we are interested entirely in the RGE effects, we do not 
consider threshold corrections. At this scale, we calculate the sfermion soft masses and mixings. 

Once we are at the low scale, we proceed with the third step, which is to ask several require- 
ments to be satisfied. First, we ask the absence of color /charge-breaking minima. In fact, the third 
generations masses can acquire tachyonic values due to negative contributions from the running, 
proportional to uiq at one loop and to niheavy at two loops [12]. On the contrary, M1/2 induces 
a positive contributions to the running, pushing the sfermion mass towards positive values, while 
the influence of the A-terms is weak. Thus, a balance between all contributions shall be required, 
such that no sfermion masses become tachyonic. As we shall see, the tachyon bound can forbid 
some scenarios with large splitting, p ~ 10. 

We also ask for correct radiative electroweak symmetry breaking (EWSB), ie. we demand that 
at the low scale the p parameter has a value such that the tapdole terms of the scalar potential 
vanish. For this to be satisfied, it is usually sufficient to have m'jj^ acquiring a negative value due 
to the running. Thus, a large mo shall be disfavoured, as it will imply that the initial value of 
shall be too large in order to be driven negative from the running. Moreover, a small M1/2 
is also indirectly disfavoured. This is due to the negative influence of the stop masses on rriH^- 
Larger values of M1/2 shall give a larger positive gluino contribution to the stop masses, which in 
turn shall provide a larger negative contribution to m'jj^. 

In addition, we require LHC bounds to be satisfied. In particular, we demand the light Higgs 
mass rrih to be compatible with the latest ATLAS and CMS measurements, that is, we take m'f^^ = 
125.3 ± 0.6 GeV [T7l[IB]- We calculate both rrih and its theoretical error using FeynHiggs 
bounding the latter to be no larger than 3 GeV. We then ask mh to be within the la range, which 
in principle can allow masses as small as 123 GeV. We also check that all direct SUSY bounds are 
satisfied (in particular, rrig > 1 TeV is the most relevant limit). 

^Notice that, as we are taking a universal decoupling scale, the real edge of the tachyon bound is probably less 
stringent than the one shown. As shown in |16j . the early decoupling of the heavy first generations can prevent 
some cases from becoming tachyonic. 
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Moreover, an interesting feature of the U{2)^ model, in the flavour sector, is that it can improve 
the CKM fit with tiny and correlated new contributions to sk and S^pxs [HIE]- The size of these 
gluino- mediated effects depends on the function Fq, defined as: 
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„ , , 11 + 8x — 19x^ + 26xlog(x) + 4a;^ log(x) 

/o(^) = ^(T^^p , (3) 

with S^ixi) being the typical one- loop function of the SM to AF = 2 processes (for example, 
see [23]). In the updated fit of [21], it was shown that, after the inclusion of LHCb data, the 
[/(2)^ contributions could be of the correct size to solve the fiavour tension if 0.01 < Fq < 0.14, 
and if the mixing was above a certain valu^. As can be expected, the requirement on Fq can be 
satisfed only if the g and 6^ are not too heavy. We will mark this region with a special line in the 
following plots. 

Given all these constraints, we will concentrate on the regions with a soft spectrum at Msusy 
as natural as possible. In particular, as shown in the literature [^E^EB] , a natural supersymmetric 
theory requires that /i and the third generation masses to be light, and that the gluino must not 
be too heavy. Note that this represents a tension with the value of the parameters required to 
obtain a Higgs mass heavier than 120 GeV. Thus, we shall place ourselves in a middle ground, 
searching for values of /i < 1 TeV, and at least one stop with mass m^^ < 1 TeV. 

We are also interested in understanding the type of splitting one obtains after the running. 
We shall be presenting our results in terms of: 

Pt,l (^2^) I ) 

where {'rn^i) is the average mass squared for the stops or sbottoms, and {m1^) is the average mass 
squared of the respective first two generations. 



2.1 Spectrum 

In our study we focus on two different scenarios. First, we shall take irtheavy = 3 TeV, very close 
to the experimental limit, such that it might be feasible to observe some signals from the first two 
generation squarks in the near future. On the second scenario, we use niheavy = 8 TeV, and see 
what consequences this has on the spectrum. 

For each value of ruheavy, we need to evaluate the interplay between the values of M1/2, p, mo 
and Aq required to satisfy the bounds mentioned previously. We shall explain such an interplay 
around the following two Benchmarks: 

Benchmark 1: Afi/2 = 500 GeV, p = 0.5, niheavy = 3 TeV, mo = 2.8 TeV, Aq = —niheavy , 
Benchmark 2: M1/2 = 1.1 TeV, p = 0.97, niheavy = 8 TeV, niQ = 2.5 TeV, Aq = —O^dniheavy , 
^This assumes \Vub\ = (3.97 ± 0.45) x 10"^. 
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which, as we shall see, satisfy all our requirements. For each Benchmark, the value of Aq has been 
chosen in order to maximize stop mixing without generating tachyons, such that the appropriate 
Higgs mass is reproduced. The choice for the other parameters shall be made clear when examining 
the surrounding parameter space. 

In Figures [1] and [2] we show contours of /i, pf"" and pf^ on the upper, centre and lower rows, 
and show the interplay between p and M1/2, rriQ and rriheavy on the left, centre and right columns, 
respectively. The dark regions correspond to points where EWSB is not achieved, and the orange 
regions have at least one tachyonic stop. We plot la bounds on the Higgs mass as a dashed, green 
line, and show the region satisfying the Fq constraint with a solid, red line. 

Let us focus on the parameter space around Benchmark 1, which is shown in Figure [H Here, 
we find a strong upper bound on p due to tachyons and EWSB. To avoid this bound, one can 
either increase M1/2, decrease mo or increase rriheavy However, as the Higgs and the Fq bounds 
act in opposite directions, the possible variations are strongly limited. Increasing either M1/2 or 
rriheavy shall improve the Higgs mass, but at the same time will worsen the value of Fq. This 
situation is even further constrained by the naturalness bound on p < 1 TeV, which fixes a lower 
bound on mo. Similarly, the Higgs and Fq constraints do not favour lower values of p. 

Such constraints lead to values of p around 500 GeV, and very specific splittings. In the stop 
sector, we find p|°" ~ 0.85, which leads to an average stop mass of about 1.2 TeV. Nevertheless, 
as the stop mixing is large, we find the mass of the lightest stop to be lower than 500 GeV. On 
the other hand, in the sbottom sector, we have p|^°" ~ 0.6, leading to an average sbottom mass 
of 1.9 TeV. Notice that this setup involves a very mild splitting at the GUT scale, but can lead 
to a larger splitting in the stop sector. This is actually favoured by the neutrino sector, which 
was studied in a U{2)^ framework generated from the breaking of U{3)^ ^U\. Nevertheless, the 
splitting in the sbottom (and stau) sectors remains somewhat mild. 

Let us turn now to Benchmark 2, shown in Figure [2l The motivation of this Benchmark is 
to study a scenario with a much stronger splitting than in Benchmark 1. However, the tachyon, 
Higgs and p bounds force the value of M1/2 to be too large to satisfy the Fq constraint, having 
values about one order of magnitude lower than what is preferred from the fit in [23]. Still, we 
consider Benchmark 2 a useful comparison, which might become of interest if a stop signal is 
observed in the upcoming data, with no corresponding gluino nor squark signal. 

From Figure [21, we find that the splitting in the stop sector remains somewhat invariant. This 
means that the positive RGE contribution to m^ from M1/2 cancels the large, negative RGE 
contribution from the y"^ Yukawa and the two-loop contribution from rriheavy However, in the 
sbottom sector, the y"^ contribution is not as large as that for the stop sector, so the splitting 
is somewhat reduced. Still, we have and average stop mass of about 1.4 TeV (albeit with large 
mixing), an average sbottom mass close to 2 TeV, and p = 600 GeV. 

One must admit that such a heavy spectrum is less natural than that in Benchmark 1. Even 
though the p parameter and the lightest stop mass are light enough, the gluino and the second 
stop are much heavier. Nevertheless, as this scenario reproduces the Higgs mass much easily that 
Benchmark 1, we still find this scenario attractive. 
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Figure 1: Parameter space around Benchmark 1. We show contours for /i, p|-°™ and pj'" on the 
top, centre and bottom, respectively. The dark regions correspond to no EWSB, while the orange 
regions have a tachyonic stop. The green, dashed lines delimitate the regions within 1 sigma of 
the Higgs mass, and the red, solid curve indicates the regions below which the flavour tension 
could be solved. The blue dot represents Benchmark 1, which satisfies all constraints. 
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Figure 2: Same as Figure [H but for Benchmark 2. Notice that the evaluated parameter space 
never satisfies the Fq constraint. The blue dot represents Benchmark 2, which satisfies all other 
constraints. 
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2.2 Mixing 

Having found points in the parameter space leading to a split squark spectrum, we now turn to 
the question of what is the behaviour of the mixing after the running. This is crucial in order to 
understand if the results given in [6l[7] are modified if we take the flavour structures at Mqut and 
then evolve them to the low scale. 

When evaluating the method to track the RGE evolution of the mixing, one finds several 
choices. First, it is possible to study the variation of the off-diagonals through the mass-insertion 
approximation (MIA). However, as this framework provides a non-degenerate spectrum, it is 
unclear if the MIA is appropriate. Second, one could track the evolution of the O (1) constants 
shown in Eqs. f l29|) -f l3T]) . fitting the low-energy matrices into a [/(2)^-like structure. We find this 
procedure valid, but not particularly transparent nor informative. The third option is to build 
objects directly related to the physical observables, such that the evolution can be connected with 
the main results in [6l[7]. As one can relate these objects with the framework parameters, we 
choose this approach. 

As the communication between the first two and the third generations is due to a U{2)q 
doublet, one would expect that the main deviation from MFV to be found in m^. This means 
that, if we concentrate in AF = 2 processes, the main supersymmetric contribution would come 
from {LLY operators. Thus, we shall concentrate here on the evolution of the mixing participating 
in the latter operators, leaving the rest to be considered separately in Section 12.41 

From ISj, we find that the gluino mediated contributions to {LLY operators depend on the 
combination: 

= {Wt)^a{Wt)]^ , (5) 

where Wl is the diagonalization matrix of in the basis of diagonal down quarks. In particular 
the supersymmetric contributions to K, Bd and Bs physics (in the limit of p — t- 1) are given 
respectively by 

aSJ = slK*Cd , Ag) = -SLK^e'-'^ , Ag = -c,SLe'^^ , (6) 

where sl = x^e and k ^ CdVtd/Vts, with the remaining parameters defined in the Appendix. We 
see that the only parameters not fixed by the CKM matrix are sl and 7/,, so the three objects are 
expected to be correlated. In Section 12.31 we shall analyze how these correlations behave under 
the RGE evolution, so for now it suffices to consider only the evolution of one of these objects. 
We shall choose A23 . 

(3) 

Our procedure consists in the study of the evolution of A23 as a function of the renormalization 
scale for the two Benchmarks identified in the previous Section, similarly to [27] for MFV. In 

Figure [3] and m we plot separately the absolute value (on the left) and the phase (on the right) of 

(3) 

A23 in Benchmark 1 and 2, respectively. For the absolute values, we fix the parameter xl that 
defines the mixing at Mqut and we make a numerical scan of the other mixing parameters of the 
framework. We show with different colours three different values of xx,, as indicated in Figure Ei 
We also show with a lighter colour the case in which the phase 71, is fixed equal to 7r/4. On the 
contrary, in the plots of the phases, each colour represents a different initial value for 7/,, varying 
all the other flavour parameters. Here, the lighter colour corresponds to = 1. 
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Figure 3: The running of IA23 | (left) and Arg(A23 ) (^ight), in Benchmark 1. On the left, we show 
= 2, 1, 0.5 in blue, green and red. In every region the lighter colour correspond to 7^, fixed to 
7r/4. On the right we fix 7/, = (—1 + 0.4?7,)7r, with n = 0, 1, 2, 3, 4 in blue, red, green, gray and 
magenta, respectively. The lighter regions correspond to = 1. In the first two plots the dashed 
brown lines mark the region where the flavour tension can be solved. On the left, the region is 
above the line, while and on the right it is between the two lines. 

The main results are that, in general, the modulus and phase of A23 are relatively stable during 
the running. This is more true in Benchmark 2 than in Benchmark 1, where the running effects 
are stronger and the absolute values get a slight suppression. For the phases, we see a very mild 
spread in Benchmark 1. Moreover, it is interesting to see that it is possible to obtain a sizable 
phase even when starting from a real case at Mgut- This is due mainly to the influence of phases 
in the trilinear parameters. 

In each Figure, we also mark with a brown, dashed line the region where the mixing has 
got the appropriate size in order to solve the flavour tension. In the previous Section, we have 
outlined the region of the parameter space where the function Fq is large enough to solve the 
tension. In particular, we showed that Benchmark 1 is within this region, while Benchmark 2 
is not. Nevertheless, what really solves the flavour tension is the combination x Fq, where x is 
defined as x = s|c^/|Visp. In principle, it is possible to have a very small value of Fq, but a very 
large value of x, and achieve the same results as with moderate values of both parameters. In 
contrast, it is possible to have an appropriate value of Fq and end with a too small or too big x. 

For the absolute value, we have x > 3 in Benchmark 1, while x > 10 in Benchmark 2. The 
dashed lines on the respective Figures show this lower bound. For Benchmark 1, we find that 
values of xl of O (1) naturally reproduce the required mixing, as long as they are greater than 
unity. On the other hand, for Benchmark 2, we require the initial value of A23 to be somewhat 
large in order to obtain the minimum amount of mixing. Still, it is encouraging to note that the 
needed initial value is not many orders of magnitude larger, such that it could be obtained at 
Mqut through an accidental enhancement. 

The phase of A23 also needs to acquire particular values. The correct values are delimited 
by brown, dashed lines in the respective Figures. In both scenarios we see that, since the phase 
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Figure 4: The running of \X^23\ (left) and Arg(A230 (right), in Benchmark 2. Notation as in Fig. |3l 
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variation is not too stong, it suffices to choose 7l(^gut) ~ 7l(^susy) 



2.3 Structure 

So far, we have found regions within our parameter space satisfying all our requirements, with the 

(3) 

exception of Benchmark 2 satisfying the Fq constraint. We have also demonstrated that the A23 
parameter is stable during the running and, for Benchmark 1, we have found that typical values 
are effectively within the ballpark that can solve the flavour tension. 

Nevertheless, we have not demonstrated that the f/(2)^ properties are maintained after the 
running. In principle, even if the Fq constraint is satisfied and we have the A23 parameter stable, 
it is not evident that the full set of parameters shall evolve in a way that the correlations between 
their contributions to the K, and Bg sector are preserved. In particular, we know that the 
relations in Eq. ([6]) that hold at Mqut are one of the main features of this framework. In order 
to check whether these relations are followed throughout the running, we shall use the following 
ratios: 
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which should remain valid for any value of the scale. The ffist ratio tests the correlations between 
the Bd and Bg sectors, while the second ratio tests those between the K and B^ sectors. Thus, if 
we find these ratios to hold within their theoretical errors, we shall consider the ^7(2)"^ symmetry 
to be preserved by the running. 

We need to derive an approximate theoretical error for each ratio. For the absolute value of 
both ratios, we have found they are held within NLO corrections dependent on the value of p, 
which can lead to an error of at most 4%. For the phase, we find a fixed correction of the order 
of = arg(cuCd + SuSde~'^'^) ~ 0.02. These considerations lead us to the following requirements 



10 



< 




0.215 0.220 0.225 0.230 



< 



-2.69 
-2.70 
-2.71 
-2.72 
-2.73 




1 ■ • • 



< 



< 



-2.69 
-2.70 
-2.71 
-2.72 
-2.73 

-2.69 
-2.70 
-2.71 
-2.72 
-2.73 




0.215 0.220 0.225 0.230 

l''-13M23l 



-j-- 

4.3 




4.4 



l'*-12/l'1-13 I 



4.5 

l'*-12/l'1-13 I 



4- 



4.6 



Figure 5: The two ratios used in order to test f/(2)^, evaluated at MgusY- We show Benchmark 
1 (Benchmark 2) on the left (right). The dashed lines correspond to our estimated theoretical 
uncertainty. We show results for = 2, 1, 0.5 in brown, magenta and blue, respectively. 



in order to keep the U{2)^ symmetry: 



A 



X(3) 
^(3) 



lA 



(3): 
13 I 









Vts 




Vts 




Vtd 



1 ±0.04) 

;i ±0.04) 



A 



arg 



(3)' 
13 



arg 



),(3) 
^^23 

,(3) 
U2 



arg ( y^e'^^ ] ± 0.02 

Vts 



lA 



(3): 
13 I 



V 



arg ( ^e'"^^ ] ± 0.02 . (9) 

Vts 



We present our results in Figure Ei The left (right) column shows our results for Benchmark 
1 (Benchmark 2), and the top (bottom) row shows the modulus and the phase of the A^3VA23^ 
(A^gVl-^is"*!^) ratio. We show in brown, magenta and blue the value of each ratio at Msusy, fixing 
xl = 2, 1 and 0.5, respectively. The main conclusion from all plots is that the RGE variation keeps 
the ratios within our estimated theoretical uncertainties, so we can expect the U{2)^ symmetry 
correlations to be preserved at all scales. Furthermore, we expect the correlations to be better 
mantained the larger the value of xl, which is compatible with the requirement of a large xl 
needed to solve the fiavour tension. 

The distribution of points in Figure O deserves an explanation, in particular for Benchmark 
2, which shows a ring-like pattern. In this case, we find the pattern to be due to fixed RGE 
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contributions, coming from the irreducible MFV terms and off-diagonal soft terms, which are 
of the same order. Here, the only significant variable is the effective phase between the two 
contributions, which is identical in all sectors, and shapes the rings. 

In contrast, in Benchmark 1, we have an additional contribution from the RGBs coming from 
the A- Terms, which are larger than in Benchmark 2. This additional contribution involves new 
varying O (1) parameters and new phases, which spoil the ring-like pattern. 



2.4 Evaluation of Operators leading to AF = 2 Processes 

As mentioned previously, in f/(2)^ supersymmetric frameworks, the main deviations from MFV 
happen within m^. This suggests that the main contribution to AF = 2 processes should come 

from {LLY operators, as other contributions would be strongly suppressed, usually by the masses 
of the first or second generation quarks. 

In this section, we compare the value of the different operators contributing to AF = 2 
processes after the RGE evolution, in order to make sure this is the case. We shall use the 
following basis for the effective operators: 

i=1..5 i=1..3 

where F = K, B^, Bg and: 

Qf = (gM)(gl7^gf), (11) 
Q2 = (QUniQWH) , Qi = iQWUmU'L) , (12) 

Ql = ilUrM^) , = irRq'fMq'S) ■ (13) 

Here, the quarks q, q' depend on the meson F. The Qf coefficients are equal to those without a 
tilde, with the exchange L i-^ R. 

The Wilson coefficients Cf, Cf have been calculated in many works, either exactly |28[[29] or 
in the MIA [30l|31]. In the following, we shall calculate the coefficients from the exact expressions, 
but shall use the MIA to discuss our results. The {LLY contribution corresponds to the Cf 
coefficient. Similarly, the and coefficients correspond to the (RL)"^ contributions, while 
the C[ and C[ coefficients correspond to (LL) (RR) + (LR) (RL) contributions. Again, these are 
related to Cf by the exchange L ^ R. 

Given the vanishing value of the lower off-diagonal elements of at the GUT scale, and 
the very small MFV contribution from the running, the {RLY contributions are expected to be 
the smallest. Next in the line come the {LR^ contributions, which, although involving non- 
negligible upper off-diagonal elements of Ad, also include an additional suppression proportional 
to ml/ml^^^y. This shall compete with the my ml suppression commonly found in the (RR)^ 
contribution, where m^ can be either the first or second generation quark mass, depending on 
sector involved. Finally, the {LL){RR) contribution should be the largest after the {LLy, given 
the relatively small suppression of the (LL) insertion. Thus, from the mixing point of view, we 
would expect: 

Cf ~ < C[ ~ ~ < Cf ~ C[ < Cf . (14) 
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K 




Figure 6: Ratios between Cf , Cf and Cf coefficients. We show the ratios for the K, Bd and Bs 
sectors in the top, centre and bottom panels, respectively. Benchmark 1 (2) is shown on the left 
(right) column. The Cf /C[ ratios are shown in blue, red, green and magenta, for i = 2 . . .5. The 
cf /C[ ratios are shown in brown, yellow and gray for 2 = 1 . . .3. The shadowed regions mark 
the areas where the ratios are larger than 10%. 
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The results are very similar to our expectations, and are shown in Figure El Here, we show 
the Cf /C[ and Cf /C[ ratios, for all possible coefficients, in the K, Bd and Bs sectors. The 
coefficients are calculated at Msusy, and for transparency are not evolved to the respective meson 
scale. We find the hierarchies between Benchmark 1 and 2 are identical, with a smaller spread for 
C2 and in Benchmark 2, due to the additional suppression in Aq = 0.25 ruheavy 

In the Figure, the shadowed regions indicate values where the ratios exceed 10%, meaning they 
should not be neglected. Surprisingly enough, we find that in the B^ sector the C4 coefficient can 
be well within this region, and can actually become as much as ten times larger than Ci, especially 
in Benchmark 2. This might spoil the correlation between CP violation in the Bd and Bg sectors 
and, more importantly, break the invariance of AMd/ AM^ with respect to the Standard Model 
values. 

We have found this unexpected behaviour to be due to an additional suppression within the 
loop functions, which balances the suppression in the mixing. This can be better understood by 
demanding the loop function in Ci to include an additional suppression of the O {rris/mb) with 
respect to the loop function for the dominant {LL){RR) contribution in C4. This gives us: 

24x U{x) + 66/6(x) < {mjm,) 504x U{x) - 72U{x) (15) 



where x = m?/m? , and the loop functions fsix) and fei^x) can be found, for instance, in |31j . 
The region giving such a suppression is shown in Figure U\ where we can see that Benchmark 2 
lies within it, while Benchmark 1 lies very close. 

One finds that this loop suppression is actually due to the stringent bounds of the LHC on the 
gluino mass. In fact, in order to avoid the suppression, and have C4 < 0.1 Ci, one needs: 

> 3.2 nig , (16) 

apart from 0(1) coefficients. Considering the LHC limit of rrig > 1 TeV, this bound is incompatible 
with a split scenario in which the third generation is relatively light. In Benchmark 2, the gluinos 
are heavier than in Benchmark 1, while the the sbottom are always around 2 TeV. Thus, the 
enhancement in C4/C1 is usually stronger. 

The main conclusion is that, within a supersymmetric scenario, one cannot automatically 
neglect the {LL){RR) operators in the Bg sector, and must check each case separately. 



3 U{2)^ as a broken subgroup of U{3)^ 

Recently, an extension of this framework for the lepton sector has been presented [TU]. It was 
found that, in order to reproduce the neutrino oscillation data, it was necessary to enlarge the 
symmetry to t/(3)^, i.e. to restore MFV. A two-step breaking would then be carried out. In the 
first step, we would have a breaking in two directions: one preserving 0(3)^ in the neutrino sector, 
and another one preserving U{2)^ in the Yukawa sector. This would be followed by a sub-leading 
hierarchical breaking of U{2)^, leading to the Yukawa matrices studied in this paper. At the 
same time, this sub-leading breaking would be connected to the neutrino sector, reproducing the 
observed neutrino oscillation parameters. 
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Figure 7: Region where loop functions provide an additional suppression of O {ms/mb) on the 
{LLy operator. Typical values of Benchmark 1 (2) are shown with the blue (red) dots. 



In this case, to introduce the U{2)l doublet, the embedding in U{3)^ would force the use of a 
spurion transforming as an 8 of U{3)l- In U(2)^ language, this would have the effect of having, in 
addition to the usual U{2)l doublet, a new spurion A^, transforming with the adjoint of U{2)l. 
Both spurious would be contained in the same representation of ?7(3)l. 

Following this breaking, we study the effects of the corresponding spurion Ag, transforming 
as a 3 of U{2)q, in the quark sector. This modification does not alter the Yukawa structure, and 
affects only the (1 — 2) block of im?~. In particular, Eq. (!25|) in the Appendix is modified to 



^ CQ Aq + CQ,„ V*V^ + CQ^AFJAFJ + cq.AI^AFJ \ xq e-^^<^V* 



V XQe^t"iV^ ; -PQ 



(17) 



Note that, even without considering the leptonic case, it is of general interest to study if other 
non-minimal breakings of U (2)^ can be compatible with low energy data. In this case, the addition 
of the new spurion affects only the soft sector, and would be a further deviation from MFV with 
new physics effects in the K sector. This is particularly relevant if the first two generations of 
squarks are not too heavy. 

The most important constraints in K sector come from e^c and AMk, which can get an 
additional contribution from gluino-mediated processes involving only the first two generation 
squarks. This contribution is negligible in the minimal U{2)^ breaking, since the 1-2 mixing has 
got a strong MFV suppression. On the contrary it can be sizable with the Aq spurion, for example 
in Benchmark 1, where mhgavy — 3 TeV. In the following, we shall refer to the SUSY contribution 
to ex coming exclusively from the Aq spurion as {eK)i2- 

For simplicity we first assume that all the elements of Aq are of the same size 



neglecting the contributions of the other spurious to the (1 — 2) block. 
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Figure 8: The effects of tlie Aq spurion on K physics in Benchmark 1 (on the left) and 2 (on the 
right). We show the ratios (ei<-)i2/e^^ as a function of the Aq elements, following Eq. (ITSl) . We 
show in red (gray) the region where (ex)i2 < 0.1 e^^^ ((ex)i2 < 0.01 e^^). 

In Figure |8] we show the contours for the ratio of (ex) 12 on the experimental values, as a 
function of e' and 712 in Benchmark 1 (on the left) and 2 (on the right). We show in red the region 
where the new contribution is bigger than 10% of the experimental value. This would mean that, 
given a similar error in the SM prediction [32], the new effect cannot be neglected. The gray 
regions, on the other hand, provide a contribution larger that 1%, and although not dangerous, 
could be important in the solution of the flavour tension. We don't show the contributions to 
A Mx, that are always very small and provide no constraint. 

The main result is that, if we want the new contributions to be smaller than 1%, we need 
e' < (barring fine-tuning of the phase). As expected in the Benchmark 2, where the first two 
generations are heavier, Aq can take somewhat larger values. 

Another interesting case to consider is the one with the elements of Aq being of different sizes. 
For example, we take the case: 



which is precisely the form of the spurion introduced in ^U\. For simplicity, we fix the phase 
712 = 7r/4 and again show the ratio of {€k)i2 over as a function of e' and e" in Figure |9l As 
expected, the ratio is very small when both e' and e" are small, and increases accordingly with 
them. The impact of e' on (ex) 12 is much smaller, as it enters with an additional suppresion 
proportional to Sd- For Benchmark 1, e" < and e' ^ e/5 assure that the contribution to ex shall 
be lower than ~ 1%, while for Benchmark 2 the bounds again are much milder. Notice, however, 
there exists a region where the e" contribution cancels the e' contribution. This interference 
depends on the values of 712 and a^. 




(19) 
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Figure 9: The effects of the Ag spurion on K physics in Benchmark 1 (on the left) and 2 (on the 
right). We show the ratios e/^/e^^ in function of the Ag elements as explained in Eq. (1191) . In red 
the region where €k < 0.1 e^^. 

Moreover, we note that the RGEs effects on 1-2 sector are very weak, and the values of Ag do 
not change significantly during the running. 



4 Conclusions 

We have studied the running behaviour of a split-family SUSY framework based on a U{2)^ family 
symmetry. As mentioned in the introduction, such a framework is motivated by the current lack 
of experimental evidence for SUSY at the early runs of the LHC, and by the existence of a small 
flavour tension between the K and Bd sectors. Nevertheless, it was not evident if the several 
low-scale analyses of this framework were valid if the symmetry was actually broken at a large 
scale. 

In this work, we studied the U{2Y framework through a CMSSM-like parameter space, and 
understood the consequences on the low-energy spectrum. This was made clear through the use 
of two benchmark scenarios, the first one having the heavy squarks slightly beyond the current 
reach of the LHC, and the second one having them considerably heavier. 

Theoretical consistency, along with the requirement of reproducing the Higgs mass and solving 
the flavour tension at the low scale, forced Benchmark 1 to have a very specific spectrum, with a 
very light stop and somewhat heavier sbottoms. Here, we found that the evolution of the mixing 
parameters was very mild, and required the relevant O (1) constants to be slightly larger than 
unity in order to successfully solve the flavour tension. The correlations between the {LLY SUSY 
contributions to and Bg physics were found to be preserved, but it was found necessary 

to check explicitly the magnitude of the {LL){RR) contributions to B^ mixing, as it could easily 
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become of the same order of the (LL)'^. 

For heavier first generations masses, as in Benchmark 2, we found that in order to avoid 
tachyons while keeping at least one stop light, it was necessary to use large gluino masses. This 
spoilt the solution of the flavour tension, unless considerably large C (1) parameters were used 
in the mixing. Although this scenario preserved better the relations between the (LL)"^ SUSY 
contributions to AF = 2 observables, we found the {LL){RR) contribution for Bg to be even 
larger than in the previous benchmark. 

The main conclusion for U(2)^ is that it does work as a flavour framework starting at a high 
scale, preserving most of its virtues without any critical assumptions. From the perspective of 
solving the flavour tension, this situation changes as the masses of the first two generations are 
pushed beyond 3 TeV, as the tachyon bound requires heavier gluinos, which in turn spoil the 
solution of the tension, and give the {LL){RR) operators further importance. 

Finally, we also considered a deviation from minimal U{2)^ breaking, motivated by the need to 
reproduce neutrino oscillation data. This deviation could induce large contributions to observables 
in the K sector, spoiling again the correlations. We found that, for both Benchmarks, as long 
as the deviation was kept of order ~ e^, the new contributions could be generally considered 
negligible. 
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A U(2Y Framework 



In the U{3)^ framework of [Hj, the Yukawa matrices were constructed through the addition of 
three spurious AYu, AYd and V, transforming adequately under the flavour symmetries. If the 
Superpotential is written in the following convention: 

Wg = Ql Yu u% Hu - Ql Yd d% , (20) 

then the Yukawas acquire the following structure: 

^ (AYu\xtV\ ^ (AY,\x,V\ 

yu = yt\---^--,--^--y ^d = yh\^-^-^-i--j , (21) 

where everything above the horizontal dashed line has two rows, and everything to the left of the 
vertical dashed line has two columns. The flavour symmetries would allow us to parametrize each 
AYf spurion in terms of its eigenvalues A/j, A/j, and a complex mixing parameter SfC^'^f. The V 
spurion would be described by a suppression parameter e and complex couplings of O (1), X/ e*<^/, 
with the important fact of having only three independent phases in total. In such a basis, a fit to 
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the CKM matrix performed in |6] yielded: 

s„ = 0.095 ± 0.008 , = -0.22 ±0.01 , 

s = 0.0411 ±0.0005 , cosK-a^) = -0.13 ±0.2 , (22) 

where s oc e. Thus, we can choose e = A^j^j^. 

Similarly, the sfermion soft masses acquire their structure through the spurious. In this case, 
the convention for the soft masses shall be: 

= m J ± di ml 4 ± ui ml «^ . (23) 

In the unbroken limit, all mass matrices shall have the following structure: 

j ml \ 

m)= O' m\ , (24) 
V mjj 

and we shall assume m^ « m'j^. Once we introduce the spurious, the structures of the squark 
masses becomes: 

Hl = r,fc,,AY^AY,\x,e-^^^AYjv\ 

ml ^ V id'e^^t^'fAf/l " " " --pi J ' ^^''^ 

ml ^ / c^AFjAK ;x,e-<^"AF„ty \ 

ml^ ^ V i«"e* V^^Ai; [~~~-p~d J ' ^ ^ 

where pf = {fn'j^ — ml)/m'j^, and all q and Xj parameters are real, of O (1). 

When the Yukawas are diagonalized, the soft matrices are rotated. We are interested in these 
matrices in the basis where Yd is diagonal. Such change of basis involves a rotation in the (2 — 3) 
block, followed by a further rotation in the (1 — 2) block. For transparency, we shall write the 
structure of the soft masses after the first rotation, to leading order in e: 

m%\ /O 

^ = /- X22e^ -XLee'-^^ | , (28) 

m]\ (0 

^ = /- -XD\d,ee-'^^ I , (29) 

fm^\ (0 

[^] = /- -xuK.ee-'^^ | . (30) 

^"^^^^ R2, \ -xu\u^ee'"<v 

Again, Xi are real parameters of (9 (1). These shall be the parameters relevant for phenomenology. 
In fact, the 7^ phase can be identified directly with that appearing in [B]. Notice that the off- 
diagonals in m| and m| are suppressed by the second generation quark masses. 
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Finally, we can apply the rotation in the (1 — 2) sector, including any further rephasings: 

1/ K'^QhJ R^, V 1/ 

(31) 

with a negligible modification of m| and m?-. 

The trilinear couplings follow a structure similar to that of the Yukawas. Their leading struc- 
ture in the SCKM basis is: 

/ ai/i a^SfC'^feX 
{Af)Yj = fli/a aaC/e yfAo . (32) 
V a-3 J 

References 

[1] G. D'Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645 (2002) 155 
|hep-ph/0207036] . 

[2] S. Dimopoulos and G. F. Giudice, Phys. Lett. B 357 (1995) 573 p^ph/9507282] . 

[3] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B 388 (1996) 588 |hep-ph/9607394] . 

[4] G. F. Giudice, M. Nardecchia and A. Romanino, Nucl. Phys. B 813 (2009) 156 
jarXiv:0812.3610l [hep-ph]]. 

[5] R. Barbieri, E. Bertuzzo, M. Farina, P. Lodone and D. Pappadopulo, JHEP 1008 (2010) 024 
|arXiv:1004.2256l [hep-ph]]. 

[6] R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone and D. M. Straub, Eur. Phys. J. C 71 
(2011) 1725 |arXiv:1105.2296l [hep-ph]]. 

[7] R. Barbieri, P. Camph, G. Isidori, F. Sala and D. M. Straub, Eur. Phys. J. C 71 (2011) 1812 
[arXiv: 1108 .5125 [hep-ph]]. 

[8] R. Barbieri, D. Buttazzo, F. Sala and D. M. Straub, JHEP 1207 (2012) 181 |arXiv:1203.4"2l8l 
[hep-ph]]. 

[9] A. J. Buras and J. Girrbach. larXiv: 1206.38781 [hep-ph]. 

[10] G. Blankenburg, G. Isidori and J. Jones-Perez, Eur. Phys. J. C 72 (2012) 2126 
|arXiv:1204.0688l [hep-ph]]. 

[11] R. Barbieri, D. Buttazzo, F. Sala and D. M. Straub. larXiv: 1206. 13271 [hep-ph]. 

[12] Z. -z. Xing, H. Zhang and S. Zhou, Phys. Rev. D 77 (2008) 113016 [ arXiv:0712. 14191 [hep-ph]]. 



20 



[13] J. C. Hardy and 1. S. Towner, Phys. Rev. C 79 (2009) 055502 [arXiv:0812.1202' [nucl-ex]] ; 
M. Antonelli, V. Cirigliano, G. Isidori, F. Mescia, M. Moulson, H. Neufeld, E. Passemar 
and M. Palutan et al, Eur. Phys. J. C 69 (2010) 399 [ arXiv: 1005.2323 [hep-ph]] ; A. Lenz, 
U. Nierste, J. Charles, S. Descotes-Genon, A. Jantsch, C. Kaufhold, H. Lacker and S. Monteil 
et al, Phys. Rev. D 83 (2011) 036004 |arXiv: 1008. 15931 [hep-ph]] ; R. V. Kowalewski [BaBar 
Collaboration], PoS BEAUTY 2011 (2011) 030. 

[14] S. P. M artin and M. T. V aughn, Phys. Rev. D 50 (1994) 2282 [Erratum-ibid. D 78 (2008) 
039903] |hep-ph/9311340| . 



N. Arkani-Hamed and H. Murayama, Phys. Rev. D 56 (1997) 6733 [hep^h/9703259] . 
C. Tamarit. laFXiv: 1204.22921 [hep-ph]. 

S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716 (2012) 30 |arXiv: 1207. 7235) 
[hep-ex]]. 

G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716 (2012) 1 [a rXiv:1207.7"2T4l [hep-ex]]. 

S. Heinemeyer, W. Hollik and G. Weiglein, Comput. Phys. Commun. 124 (2000) 76 
[hep-ph/9812320] . 



S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C 9 (1999) 343 | hep-ph/98 12472] . 

G. Degrass i, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, Eur. Phys. J. C 28 (2003) 
133 p^i^ h/02 12020]. 

M. Frank, T. Hahn, S. Hein emeyer, W. Holhk, H. Rzehak and G. Weiglein, JHEP 0702 
(2007) 047 |hep-ph/06 11 326]. 

G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68 (1996) 1125 
[hep-ph/9512380 ]. 

D. M. Straub, PoS EPS -HEP2011 (2011) 146 |arXiv:1110.6"39n [hep-ph]]. 

M. Papucci, J. T. Ruderman and A. Weiler, JHEP 1209 (2012) 035 |arXiv:1110.6926l [hep- 
ph]]. 

H. Baer, V. Barger, P. Huang and X. Tata, JHEP 1205, 109 (2012) |arXiv:1203.5"539l [hep- 
ph]] ; H. Baer, V. Barger, P. Huang, A. Mustafayev and X. Tata, |arXiv:1207.3343l [hep-ph]]. 

P. Paradisi, M. Ratz, R. Schieren and C. Simonetto, Phys. Lett. B 668 (2008) 202 
|arXiv:0805.3989l [hep-ph]]. 

J. S. Hagelin, S. Kelley and T. Tanaka, Nucl. Phys. B 415 (1994) 293. 
J. F. Donoghue, H. P. Nilles and D. Wyler, Phys. Lett. B 128 (1983) 55. 



21 



[30] F. Gabbi ani, E Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477 (1996) 321 
pp-ph/9604387| . 

[31] M. Ciuchini, V. Lubicz, L. Conti, A. Vladikas, A. Donini, E. Franco, G. Martinelli and 
I. Scimemi et al, JHEP 9810 (1998) 008 |hep-ph/9808328| . 

[32] J. Brod, J. Phys. Conf. Ser. 335 (2011) 012014. 



22 



